In yeast, the interaction of General Control Non-derepressible 1 (GCN1) with GCN2 enables GCN2 to phosphorylate eIF2α (the alpha subunit of eukaryotic translation initiation factor 2) under a variety of stresses. Here, we cloned AtGCN1, an Arabidopsis homologue of GCN1. We show that AtGCN1 directly interacts with GCN2 and is essential for the phosphorylation of eIF2α under salicylic acid (SA), ultraviolet (UV), cold stress and amino acid deprivation conditions. Two mutant alleles, atgcn1-1 and atgcn1-2, which are defective in the phosphorylation of eIF2α, showed increased sensitivity to cold stress, compared with the wild type. Ribosome-bound RNA profiles showed that the translational state of mRNA was higher in atgcn1-1 than in the wild type. Our result also showed that cold treatment reduced the tendency of the tor mutant seedlings to produce purple hypocotyls. In addition, the kinase activity of TOR was transiently inhibited when plants were exposed to cold stress, suggesting that the inhibition of TOR is another pathway important for plants to respond to cold stress. In conclusion, our results indicate that the AtGCN1-mediated phosphorylation of eIF2α, which is required for inhibiting the initiation of protein translation, is essential for cold tolerance in Arabidopsis.
INTRODUCTION
Mammals contain four eIF2α kinases, including the general control nonderepressible-2 kinase (GCN2), the doublestranded-RNA-dependent protein kinase R (PKR), the PKR-like endoplasmic reticulum kinase (PERK) and the heme-regulated eIF2α inhibitor kinase (HRI) (Baird and Wek 2012; Wek et al. 2006) . GCN2 is activated by nutritional stress; PKR participates in antiviral responses; PERK is involved in the response to endoplasmic reticulum stress (ER stress) and HRI is activated by heme deprivation. Although these kinases are activated by different stresses, all of them can phosphorylate eIF2α (Rowlands et al. 1988; Scorsone et al. 1987) . The phosphorylation of eIF2α increases the affinity of eIF2α for eIF2B. As a result, eIF2-GTP cannot be released from the complex of the phosphorylated eIF2α and eIF2B to initiate translation, thereby preventing protein translation.
In Saccharomyces cerevisiae, GCN2 is the only kinase involved in the phosphorylation of eIF2α in response to amino acid deficiency (Dever et al. 1992) , glucose limitation (Yang et al. 2000) , salt stress and ultraviolet (UV) irradiation (Narasimhan et al. 2004; Wu et al. 2004) . Under stress, GCN2-mediated phosphorylation of eIF2α inhibits global protein translation.
Like S. cerevisiae, Arabidopsis contains only one GCN2 kinase. Upon amino acid deprivation, GCN2 phosphorylates eIF2α, which in turn inhibits translation initiation (Lageix et al. 2008) . These results indicate that the GCN2-mediated inhibition of protein translation in response to amino acid starvation is conserved in yeast and Arabidopsis. In plants, GCN2 is known to be activated to phosphorylate eIF2α in response to wounding, salicylic acid (SA), methyl jasmonate (JA) and cold stress (Lageix et al. 2008; Zhang et al. 2003; Zhang et al. 2008) .
In mammals, phosphorylation of eIF2α, inhibition of Target of Rapamycin Complex 1 (TORC1) and other signals function in parallel to keep cells alive under low temperature and ER stress by inhibiting protein synthesis (Duan et al. 2010; Hofmann et al. 2012) . In perk mutants, or in eIF2α-S51A (A/A cells; eIF2α-phosphorylation-deficient), or 4ebp1/4ebp2 (the eIF4E-binding protein 1 and 2, downstream of TORC1) mammalian cells, in which the phosphorylation of eIF2α or the TOR pathway is blocked, protein synthesis is still inhibited under cold stress. Protein translation is also inhibited in yeast gcn2Δ mutants under cold stress. In these mutants, moreover, cell growth and cell survival were not affected under cold stress. All of these results suggest that neither the phosphorylation of eIF2α nor the TOR pathway is essential for the inhibition of translation under cold stress in yeast and mammals.
In yeast, GCN1 is required for the activation of GCN2, which affects the occupancy of uncharged tRNA on ribosomal decoding sites under amino acid starvation (Marton et al. 1993; Sattlegger and Hinnebusch 2005) . Here, we isolated a mutant that produced yellow leaves when grown in soil. In addition, the mutant was more sensitive to cold stress than the wild type. Using map-based cloning, we found that AtGCN1, which encodes a homolog of yeast GCN1, is mutated. We also investigated how AtGCN1 is involved in cold tolerance in Arabidopsis.
MATERIALS AND METHODS

Plant growth conditions
Plants were grown in pots with pH-balanced peat moss and vermiculite (3:1) in a greenhouse at 23°C with a 16/8 h light/dark photoperiod. The sterilized seeds were sown on half-strength Murashige and Skoog (MS) medium supplemented with 1% sucrose and 1.0% agar (for seeding growth) or 0.8% agar (for seed germination).
For treatment with the herbicide chlorsulfuron, 6-day-old seedlings were submerged in 50 mL of 0.5 mM chlorsulfuron containing 0.01% (v/v) Silwet L-77 (a surfactant) for 1 min, and 0.5 mM solutions containing amino acids of leucine, isoleucine and valine were added to reduce the impairment of chlorsulfuron. After these treatments, the solutions were removed, and the seedlings were grown in a chamber for further observation.
For SA treatments, 0.6 mM SA was sprayed on 1-week-old seedlings.
For UV treatments, seedlings were irradiated by 500 mJ/cm 2 UV (254 nm) and then incubated for 1 h under light. For cold stress treatments, seedlings that had been vertically grown on plates were kept at 4°C for the indicated number of days.
Chlorophyll (Chl) and anthocyanin measurement
Chl content was measured as reported previously (Lolle et al. 1997) with minor modifications. Four-week-old seedlings grown in soil were submerged in 95% ethanol for 24 h. Absorption values at 663 and 645 nm were recorded to calculate Chl content. Anthocyanin content was also measured as described previously (Matsui et al. 2004) . In brief, seedlings for anthocyanin extraction were submerged in 45% methanol and 5% acetic acid at 4°C for 16 h. The relative levels of anthocyanin were calculated by absorbance at 530 nm and 637 nm.
Screening of atgcn1-1 and map-based cloning
The atgcn1-1 mutant was crossed with Landsberg erecta (Ler), and F2 plants with the mutant phenotype were selected for map-based cloning. Genomic DNA of the selected plants was extracted, and polymerase chain reaction (PCR) was performed using primers that were designed according to Simple Sequence Repeat (SSR) or Derived Cleaved Amplified Polymorphic Sequences (dCAPS) markers from the information in the Cereon Arabidopsis (Jander et al. 2002) . The mutation was mapped to chromosome I. SSR markers in BAC clones F1N19, F13O11, F16G16 and T23K8, and a dCAPS marker in F15H21 were used in fine mapping. All primers used in this study are listed in Table S1 .
Yeast two-hybrid assay
The partial sequences of AtGCN1 were amplified and inserted into the prey plasmid pGADT7, and the full-length of GCN2 was cloned into the bait plasmid pGBKT7 by homologous recombination according to the kit protocol (NR001, Novoprotein). Different combinations of plasmids were transformed into yeast strain AH109 (Gietz and Woods 2002 glucose. The empty vector pGADT7 was used as a negative control.
Firefly luciferase complementation imaging assay
The luciferase images were obtained as previously described (Chen et al. 2008) . The fragment of AtGCN1 was fused to pCAMBIA-C-Luc, and GCN2 was fused to pCAMBIA-N-Luc. The plasmids were transformed into Nicotiana benthamiana leaves by Agrobacterium (GV3101 strain)-mediated transformation. LUC images were captured using a CCD imaging apparatus (CHEMIPROHT 1300B/LND, Roper Scientific).
Protein extraction and immunoblot analysis
Proteins were extracted and immunoblotting was performed as described previously (Lageix et al. 2008) . After stress treatment, 1-week-old seedlings were ground in extraction buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 0.2% Triton X-100 and 1 mM DTT) containing both complete protease inhibitor and PhosSTOP phosphatase inhibitor (Roche). Extracted proteins were centrifuged, and the suspensions were incubated at 95°C for 5 min. Proteins were separated by SDS-PAGE and then transferred to PVDF membranes for immunoblotting. The membranes were probed using a monoclonal antibody of phospho-eIF2a (Ser51) (Catalogue no. 9721, Cell Signalling, 1/1000 dilution), a monoclonal antibody phosphor-S6K1-2 (AS132664, Agrisera, 1/5000 dilution) or an anti-HA monoclonal antibody (AS152921, Agrisera, 1/5000 dilution). After incubation with peroxidase-coupled secondary antibody (Proteintech 1/5000 dilution), the membranes were immersed in ECL Plus Western Blotting detection reagents (GE Healthcare Bio-Sciences) and finally exposed to X-film for visualization. The membranes were re-probed with antialpha-Actin-2 (Abmart, M20009, 1/10 000 dilution) or antiTubulin (AS10 681, Agrisera, 1/5000 dilution) as a loading control.
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Quantitative real-time PCR (qRT-PCR)
Seedlings were ground in liquid nitrogen, and total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. The concentration of RNA was quantified using a NanoDrop ND-1000. A 1 μg quantity of DNasetreated RNA (Turbo DNA-free kit, Ambion) was transcribed into the first-strand cDNA using oligo dT and reverse transcriptase (GoScript Reverse Transcription System). An IQ5 Multicolor Real-Time PCR Detection system was used to perform qRT-PCR, according to the following programme: 95°C for 3 min; 35 cycles at 95°C for 10 s, 55°C for 10 s, and 72°C for 30 s; 95°C for 10 s; and finally melt-curve was analysed with the procedure of 65°C to 95°C, 0.5°C increment per each read. Experiments were performed three times with similar results. Actin was used as the reference gene. The primers used are listed in Table S1 .
Labelling of newly synthesized proteins with 35 
S amino acids
Newly synthesized proteins were labelled with 35 S amino acids as described previously (Guo et al. 2002) .
Polysome profile analysis
Polysomes were extracted as described previously (Sormani et al. 2011) . A 200 mg quantity of 10-day-old seedlings was ground into powder in liquid nitrogen and was suspended in 1 mL of lysis buffer (100 mM Tris-HCl pH 8.4, 50 mM KCl, 25 mM MgCl 2 , 5 mM EGTA, 50 μg/mL cycloheximide, 50 μg/ mL chloramphenicol, 0.5% Nonidet P40, Diethy pyrocarbonate treated). Cell debris was eliminated by centrifugation at 9000 g for 15 min. The supernatant was loaded on an 11 mL 0.8-1.5 M sucrose gradient. The sample was centrifuged at 175 000 g in a Beckman SW41 rotor for 150 min, and the OD (260 nm) of fraction from the bottom of the gradients was recorded using an ISCO gradient fractionator. Twenty-two fractions (0.5 mL/fraction) were collected from the top to the bottom of the sucrose gradients. RNA from each fraction was isolated using TRIzol reagent for RNA gel analysis.
RESULTS
Map-based cloning of AtGCN1
By screening EMS-mutagenized M2 progeny of wild-type plants (Columbia gl1 background) grown in soil, we identified a mutant whose new leaves were yellow (Fig. 1a) . We crossed the mutant with the corresponding wt plants of gl1 background and found that 129 of 409 plants showed the yellow phenotype in the F2 generation (1:3 ratio, χ 2 = 0.30, P = 0.58), which indicates that the yellow phenotype of the mutant is controlled by a single recessive gene. To clone the mutated gene, we crossed the mutant with wild-type Ler ecotype and collected the seeds of the F2 population. Plants of the F2 population whose new leaves were yellow were selected for map-based cloning.
By using the SSLP markers developed by Cereon Genomics (http://www.Arabidopsis.org), the mutation was mapped to the bottom of chromosome I, between the BAC clones F15H21 and T23K8 (Fig. 1e) . Fine mapping was performed in BAC clones F1N19, F13O11 and F16G16. Genes between BAC clones F1N19 and F16G16 were amplified and sequenced. A single-nucleotide mutation from G to A was identified in AT1G64790, which is a homolog of the yeast GCN1. The mutation site is located in the 3′ splicing site of the 52nd intron of AT1G64790, in which AGG (the 'AG' should be spliced out in the wild type) was mutated to AAG (the new 'AG' was spliced out in atgcn1-1), leading to the loss of one G in the 53rd exon of AT1G64790.1 ( Fig. 1e and S1 ). As a result, a frame-shift occurs in the coding region of AT1G64790, leading to a premature stop codon and hence a truncated protein. The mutant was named atgcn1-1.
We ordered the T-DNA insertion line SALK_063702C of AtGCN1 from the Arabidopsis Stock Center (ABRC). In SALK_063702C, designated atgcn1-2, a T-DNA was inserted in the second exon of AT1G64790.1 (Fig. 1e ). Like atgcn1-1, atgcn1-2 produced yellow leaves when grown in soil (Fig. 3a) . RT-PCR showed that the expression of the AtGCN1 fragment downstream of the T-DNA insertion site was down-regulated in atgcn1-2, while the expression of the fragment across the insertion site was not detectable (Fig. 1b) .
To determine whether the production of yellow leaves in atgcn1 mutants when grown in soil is because of a deficiency in chloroplast development, we measured the contents of chlorophyll (Chl) A and B and also measured the expression of Light harvesting complex b1 (Lhcb1), which encodes a lightharvesting Chl A/B-binding protein in Photosystem II. The levels of Chl were significantly lower in atgcn1-1 and atgcn1-2 than in the wild type (Fig. 1c) , and the expression of the Lhcb1 gene was significantly down-regulated in atgcn1-1 and atgcn1-2, relative to the wild type (Fig. 1d) .
AtGCN1 was previously isolated and named ILITYHIA (ILA) (Monaghan and Li 2010) . In that study, ILA was found to be required for plant immunity, because ila mutants were more sensitive to pathogens than the wild type. Moreover, the new leaves of ila mutants were yellow when ila mutants were grown in soil, the phenotype of which is as same as atgcn1-1 and atgcn1-2, supporting that AtGCN1 is the gene required for chloroplast development.
AtGCN1 interacts with GCN2 and is required for the phosphorylation of eIF2α
We analysed the protein sequence of AtGCN1 by BLAST search in the NCBI database and found that AtGCN1 has a high degree of similarity with the predicted translational activator GCN1 in other plants: the identity between AtGCN1 and the GCN1 in Brassica napus, Glycine max and Oryza sativa is 90%, 71% and 65%, respectively. Protein alignment indicated that AtGCN1 shares relatively low identity with the GCN1 from both yeast (36% identity) and mammals (43% identity) (Fig. S2a, b) . In yeast, GCN1, a member of the ATP-binding cassette (ABC) family, is required for the activation of GCN2, which in turn phosphorylates eIF2α under amino acid-deprived conditions (Marton et al. 1993; Sattlegger and Hinnebusch 2005) . In Arabidopsis, GCN2 has been reported to phosphorylate eIF2α upon stress (Lageix et al. 2008; Zhang et al. 2003) . To date, the role of GCN1 in the phosphorylation of eIF2α has not been reported in plants. Because AtGCN1 is the homolog of GCN1 in yeast, we hypothesized that AtGCN1 might also interact with GCN2 and trigger GCN2-mediated phosphorylation of eIF2α in Arabidopsis.
The large size of the AtGCN1 cDNA (7833 bp) makes cloning of full length AtGCN1 difficult, and we therefore chose to clone the N-terminal, middle and C-terminal regions of AtGCN1 ( Fig. 2a) and to test the interaction of each of these fragments with GCN2. Only the C-terminal region of AtGCN1 interacted with GCN2 ( Fig. 2b) , which is consistent with the result reported in yeast (Sattlegger and Hinnebusch 2000) . The firefly luciferase complementation assay further confirmed the interaction between the C-terminal region of AtGCN1 and GCN2 (Fig. 2c) . Upon UV, cold or SA-induced stress, the phosphorylation level of eIF2α was greatly increased in the wild type but was nearly absent in atgcn1-1 (Fig. 3a,b ). These data demonstrate that AtGCN1 interacts with GCN2 and suggest that this interaction is required for GCN2-mediated phosphorylation of eIF2α in Arabidopsis. Transcription of AtGCN1 in atgcn1-2. PCR products were amplified by primers across the T-DNA insertion site of atgcn1-2 (AtGCN1-F1 and AtGCN1-R) (top) and downstream of the T-DNA insertion site of atgcn1-2 (AtGCN1-F2 and AtGCN1-R) (middle). Actin was used as the control (bottom). (c) Chl content in atgcn1-1 and atgcn1-2. A t-test was performed between atgcn1-1, atgcn1-2, and the wild type. Double asterisks indicate p < 0.01. (d) Quantitative analysis of the expression of LHCB1 in atgcn1-1 and atgcn1-2 grown in soil. Double asterisks indicate p < 0.01. (f) Mapbased cloning of AtGCN1. The mutation was mapped to the bottom of chromosome I. Fine mapping was performed in the BAC clones F15H21, F1N19, F13O11, F16G16 and T23K8, and the numbers of recombinations at the corresponding BAC clones are listed. A mutation from G to A was identified in the 3′-splicing site of the 52nd intron of AT1G64790.1. In atgcn1-2 (SALK_063702C), a T-DNA was inserted in the second exon of AT1G64790.1.
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atgcn1-1 and atgcn1-2 are hypersensitive to the herbicide chlorsulfuron Because it interferes with the biosynthesis of isoleucine, leucine and valine, the herbicide chlorsulfuron can be used to induce amino acid starvation in plants (Ray 1984) . Chlorsulfuron treatment induced the phosphorylation of eIF2α in the wild type, but the phosphorylation was absent in atgcn1-1 (Fig.  4c) . After chlorsulfuron treatment, many more atgcn1-1 and atgcn1-2 seedlings became yellow than their wild-type counterparts (Fig. 4a,b) . The result showed that atgcn1 mutants were more sensitive to amino acid deficiency, induced by chlorsulfuron, than the wild type. Supplementing plants with leucine, isoleucine and valine, the frequency of yellowseedlings in atgcn1-1 and atgcn1-2 was restored to the wild-type level, suggesting that amino acid complementation alleviated the hypersensitivity of these mutant lines to chlorsulfuron.
These results indicate that AtGCN1 plays an important role in the response to amino acid-starvation in Arabidopsis.
atgcn1-1 and atgcn1-2 are hypersensitive to cold stress Cold shock or prolonged cold stress induced the phosphorylation of eIF2α in the wild type but not in atgcn1 mutants (Fig. 3b,c) , suggesting that AtGCN1 is involved in the plant response to cold stress. We subjected atgcn1-1 and atgcn1-2 to low temperature and found that atgcn1-1 and atgcn1-2 were hypersensitive to cold stress (Fig. 5a ). The new leaves of atgcn1-1 and atgcn1-2 were green in plates at 23°C but were yellow with incubation at 4°C for 12 d and were purple after a 30 d cold treatment. However, the yellow leaves became green when the mutants were transferred to 23°C for 3 d. In contrast, the leaves of the wild type did not become yellow after cold stress for even 1 month. These results suggest that eIF2α phosphorylation mediated by AtGCN1 plays important roles in cold tolerance. Because Lhcb1 is associated with chloroplast development (Jansson 1994), we investigated whether the expression of Lhcb1 is altered in the atgcn1-1 mutant under cold stress (4°C). The expression of Lhcb1 was down-regulated in atgcn1-1 after cold treatment for 12 d but recovered to the wild-type level when the mutants were transferred to 23°C (Fig. 5b) . This result is consistent with the phenotype of atgcn1-1 under cold stress, suggesting that the cold-induced yellow leaves of the atgcn1 mutant are caused, at least partially, by the down-regulation of Lhcb1 expression.
In plants, low temperatures rapidly induce the expression of CBF genes, which encode AP2/ERF (APETALA2/EthyleneResponsive Factor) transcription factors, and downstream cold-responsive (COR) genes, such as RD29A and COR15A (Jaglo-Ottosen et al. 1998). We investigated whether the expression of these cold-responsive genes was altered in the atgcn1-1 mutant, and we found that the expression levels of CBF2, CBF1 and CBF3 did not significantly differ between atgcn1-1 and the wild type after cold treatment (Fig. 5c and Fig. S3 ). The expression of the downstream COR genes RD29A and COR15A was also not significantly affected in atgcn1-1 mutant plants (Fig. 5c) . These results suggest that AtGCN1 is involved in the cold response via a CBFindependent pathway.
AtGCN1 is required for the inhibition of protein translation
Upon amino acid-starvation stress, global protein synthesis is shut down through the phosphorylation of eIF2α in yeast (Rowlands et al. 1988; Scorsone et al. 1987) . Because atgcn1-1 and atgcn1-2 lack eIF2α phosphorylation (Fig. 3c) , we hypothesized that the protein translation rate would be higher in Figure 3 . The phosphorylation of eIF2α is abolished in atgcn1-1 and atgcn1-2. (a) The phosphorylation level of eIF2α was examined in the wild type and atgcn1-1 after SA treatment or UV stress. Seedlings were treated with 0.6 mM SA for 12 h or with UV (500 mJ/cm 2 UV irradiation) and then with 1 h light. Immunoblotting assays were performed using phospho-specific antibody of eIF2α. (b) The phosphorylation level of eIF2α was assessed in the wild type and atgcn1-1 after cold shock. Cold2, 2 h of cold treatment; Cold2 + 2, 2 h of recovery after 2 h of cold treatment; Cold2 + 4, 4 h of recovery after 2 h of cold treatment; Cold4, 4 h of cold treatment; Cold4 + 2, 2 h of recovery after 4 h of cold treatment. Immunoblotting assays were performed using phospho-specific antibody of eIF2α. (c) The phosphorylation level of eIF2α in atgcn1-1, atgcn1-2 and gcn2 after 24 h of cold treatment. 1-1, atgcn1-1; 1-2, atgcn1-2. Upper and lower bands are the results of immunoblotting assays using the antibodies against phosphorylated eIF2α and Actin, respectively.
AtGCN1 is essential for cold tolerance 61 atgcn1-1 and atgcn1-2 than in the wild type. However, by labelling newly synthesized proteins with [
S]Met and [
35 S]Cys, we found that the rate of the de novo protein synthesis was decreased in both the wild type and atgcn1 mutants under cold stress and that the rate of protein synthesis did not significantly differ between the wild type and the atgcn1 mutants under either warm or cold conditions (Fig. S4) .
Ribosomal profiles, representing the translation state of mRNA, can be used to determine translation levels (del Prete et al. 2007 ). Ribosomes of the wild type and atgcn1-1 were extracted and loaded on sucrose gradients for centrifugation. The sucrose gradients were divided into 22 fractions, and each was collected for RNA extraction. Under cold stress, more mRNAs with polysomes towards fractions of 50% sucrose (20-21st fractions) were accumulated in atgcn1-1 than in the wild type (Fig. 6a) , indicating that the translation rate was higher in atgcn1-1 than in the wild type. In addition, ribosomal extraction and RNA profiling at A260 after centrifugation in sucrose gradients also showed that mRNAs with polysomes towards fractions of 50% sucrose were more abundant in atgcn1-1 than in the wild type under cold stress (Fig. 6b) .
In brief, although newly synthesized proteins decreased in both atgcn1 mutants and the wild type under cold stress, ribosome-bound RNA profiling showed that AtGCN1 is required for the inhibition of protein translation under cold stress.
The TOR pathway is involved in cold response
Previous study has shown that the phosphorylation level of eIF2α is decreased in the gcn2 mutant, which causes the gcn2 mutant to be hypersensitive to amino acid deficiency (Zhang et al. 2008) . We also checked de novo protein synthesis in gcn2 and found no difference between gcn2 and the wild type under both warm temperature and cold stress conditions (Fig. S4) . The absence of a significant difference in de novo protein synthesis between atgcn1-1, gcn2 and their wild-type counterparts (Fig. S4) suggests that eIF2α phosphorylation mediated by AtGCN1 and GCN2 is not the only pathway triggering the inhibition of protein translation under cold stress.
In mammals, phosphorylation of eIF2α and inhibition of the TOR pathway work in parallel to inhibit protein translation in response to low temperature and ER stress (Duan et al. 2010; Hofmann et al. 2012) . We next investigated whether the TOR pathway is also involved in the cold response in Arabidopsis. The estradiol-induced tor mutant, which overcomes the embryo lethality of the null tor mutants, was used to examine the cold response. The tor seedlings grew well on MS medium, but the upper hypocotyls of the tor seedlings became purple after they were transferred to a medium containing estradiol for 4 d, and the plants were nearly dead after an additional 10 d (Fig. 7a) . This symptom is caused by the decreased translation in tor seedlings after treatment with estradiol. However, when estradiol-induced tor mutant seedlings with purple hypocotyls were transferred to cold conditions for an additional 10 d, the purple hypocotyls became green. The increased quantity of anthocyanin in the estradiol-induced tor mutant was also partially recovered under prolonged cold stress (Fig. 7b) . We propose that the decreased translation level is one of the responses under cold stress in Arabidopsis, so the low translation level in tor seedlings increases their ability to survive under cold stress.
Because the purple hypocotyls of the tor mutant were partially recovered under cold condition (Fig. 7a,b) , we inferred that TOR is inactivated and thereby inhibits protein translation under cold stress in Arabidopsis as was shown to occur in mammalian cells (Hofmann et al. 2012) . Under normal conditions, active TOR kinase phosphorylates its target AtS6K1 to initiate protein translation of uORF-mRNA in Arabidopsis (Schepetilnikov et al. 2013) . Using a phosphospecific antibody against phosphorylated AtS6K1, we found that the phosphorylation level of AtS6K1 was significantly decreased after cold treatment for 10, 30 and 60 min (Fig. 7c) . As a control, Torin 2, which is an inhibitor of TOR (Xiong and Sheen 2012) , inhibited the phosphorylation of AtS6K1 (Fig. 7c) . This result indicates that TOR kinase activity was suppressed under cold stress. However, the phosphorylation of AtS6K1 was restored to the original level after a 2 h cold treatment and even increased after a 24 h cold treatment, suggesting that TOR activity is suppressed at the early stage of cold treatment but recovers and even increases after prolonged cold treatment.
DISCUSSION
In yeast, GCN2-mediated phosphorylation of eIF2α has been extensively studied under a variety of stresses, including nutrient deprivation (Dever et al. 1992; Yang et al. 2000) , UV damage and osmotic stress (Narasimhan et al. 2004; Wu et al. 2004) . The interaction of GCN1 with GCN2 is essential for the activation of GCN2 (Marton et al. 1993; Sattlegger and Hinnebusch 2005) . Here, we cloned Arabidopsis AtGCN1, which is a homologue of the yeast GCN1. Our results show that AtGCN1 interacts with GCN2 and that the interaction is required for the phosphorylation of eIF2α under UV damage, SA treatment, amino acid deprivation and cold stress. The atgcn1-1 and atgcn1-2 mutants were sensitive to amino acid starvation and cold stress, suggesting that AtGCN1 is required for plants to cope with amino acid starvation and cold stress in Arabidopsis.
AtGCN1 was previously isolated and named as ILITYHIA (ILA) (Monaghan and Li 2010) . Mutant ila plants produced yellow leaves and had reduced immunity against pathogens. The function of AtGCN1 in the phosphorylation of eIF2α and cold tolerance had not been reported. In this study, we found that the phosphorylation of eIF2α was abolished in the One-week-old seedlings were transferred to 4°C for 12 d, or 5-day-old seedlings were transferred to 4°C for 1 month. Seedlings began to produce green leaves 3 d after they were transferred from cold to warm conditions. (b) Quantitative analysis of the expression of Lhcb1 in atgcn1-1 under cold stress. For cold treatment, the seedlings were transferred to 4°C for 12 d. For recovery, the seedlings were moved to 23°C for 3 d after cold treatment. t-tests were performed between atgcn1-1 and the wild type (gl1 background). Double asterisks indicate p < 0.01. (c) Quantitative analysis of the expression of cold-responsive genes CBF2, RD29A and COR15A in atgcn1-1 after cold treatment.
atgcn1-1 mutant not only under SA induction but also under cold stress, suggesting that AtGCN1 is involved both inthe cold response and in SA-mediated plant immunity. Moreover, the absence of SA-induced eIF2α phosphorylation in atgcn1 suggests that the hypersensitivity of ila mutants to bacterial pathogens may result from the loss of eIF2α phosphorylation. The production of purple hypocotyls by estradiol-induced tor seedlings is reduced by cold treatment. Four-day-old seedlings were transferred to MS medium with or without estradiol (10 μM) for 4 d, and seedlings were then kept at 23°C or at 4°C for 10 d with light. The squared seedling was magnified and shown at the bottom. (b) Anthocyanin content in tor mutant seedlings. t-tests compared the contents in the mutants before and after prolonged cold treatment. Single asterisk indicates p < 0.05. (c) The phosphorylation level of S6K1 after cold treatment. Total proteins were analysed by immunoblotting using anti-Thr (P)-T449 (T-449) of S6K1, anti-HA (for detecting S6K1-HA) or anti-Tubulin (anti-Tub) antibody. As a control, plants were treated with Torin2, an inhibitor of TOR activity and the solvent DMSO at 0.1% for 1 h. Ribosome-bound mRNA analysis in gel. The extracted polysomes were loaded to 11 mL 20%-50% sucrose gradients and then centrifuged at 175 000 g for 150 min at 4°C. After centrifugation, 22 fractions (0.5 mL/fraction) were harvested from the top to the bottom of the sucrose gradients. RNA from each fraction was isolated for RNA gel analysis. The 1-6th and 22nd fractions, in which no mRNA accumulated, were removed. (b) Polysome profiles of atgcn1-1 plants. After centrifugation, OD 260 values from the bottom of the sucrose gradients were recorded. CON, control condition; Cold24, 24 h of cold treatment. Arrow shows the increased mRNA content in ribosomes enriched in 50% sucrose in atgcn1-1 under cold stress. The highest peak pointed to 50% sucrose should be the interference of chlorophyll, which occurred in the green fractions of sucrose gradients. Experiments were repeated three times with similar results.
Arabidopsis GCN2 showed a high degree of similarity with the protein kinase domain of yeast GCN2 and with human PKR, PERK, and HRI kinases (Lageix et al. 2008; Zhang et al. 2003) . Previous studies have shown that the phosphorylation level of eIF2α was decreased in the gcn2 mutant. Here, we also found that the phosphorylation level of eIF2α was decreased but still detectable in the gcn2 mutant (Fig. S5a) , indicating that the function of GCN2 is affected but not eliminated in gcn2. In the gcn2 mutant, a DS transposon was inserted in the first intron of GCN2, which probably leads to a weak mutation. This weak mutation may explain why the gcn2 mutant grew well both in soil and on plates either with or without cold treatment (Zhang et al. 2008 and Fig. S5b) .
The mutants of translation elongation factors show higher sensitivity to cold stress than the wild type, suggesting that translation elongation factors are required for expression of COR genes (Calderon-Villalobos et al. 2007; Guo et al. 2002) . In atgcn1-1, however, the expression of CBFs and of the downstream COR genes RD29A and COR15A was not altered in response to cold stress, suggesting that inhibition of the phosphorylation of the translation initiation factor eIF2α does not affect the expression of cold-responsive genes, and that the cold hypersensitive phenotype of atgcn1-1 is not caused by the impairment of the CBF-mediated pathway.
Phosphorylation of eIF2α in response to stress reduces global protein translation because the complex of phosphorylated eIF2α and GDP occupies eIF2B so that no eIF2B is available to convert eIF2α-GDP into eIF2α-GTP for translation initiation (Rowlands et al. 1988; Scorsone et al. 1987) . However, the responses of the gcn2Δ mutant in yeast and of the perk mutant or eIF2α-S51A cells in mammals to cold stress are similar to those of the wild type, indicating that eIF2α phosphorylation does not appear to be required for the cold-induced inhibition of protein translation in either yeast or mammalian cells (Hofmann et al. 2012 ). In the current study, ribosome-bound RNA profiling after centrifugation in a sucrose gradient showed that the state of protein translation is higher in atgcn1-1 than in the wild type, not only under warm temperatures but also under cold stress. The mutation of AtGCN1 impairs chloroplast development under cold conditions and causes plants to be hypersensitive to cold stress. These results indicate that eIF2α phosphorylation is essential for the inhibition of protein translation under cold stress, which in turn contributes to the cold tolerance in Arabidopsis.
When growing on plates at warm temperatures, atgcn1-1 and atgcn1-2 produce new leaves that are as green as those of the wild type. When growing in soil at warm temperatures, however, atgcn1-1 produces new leaves that are yellow. The reason for this discrepancy in phenotypes for seedlings growing on plates versus in soil is unclear. The humidity of plates in chambers at 23°C and 4°C was 80% and 84%, respectively, while the humidity in the greenhouse, where the seedlings were grown in soil, was 47%. Covering atgcn1-1 seedlings in the greenhouse with a transparent film maintained the humidity at 80% and resulted in a partial recovery of the yellow new leaves and the restoration of Chl content to wild-type levels (Fig. S6a,b) . This suggests that atgcn1-1 produces yellow new leaves in the greenhouse because of low humidity and that AtGCN1 plays important roles in chloroplast development not only in response to cold stress but also in response to low humidity.
In yeast and mammalian cells, the inhibition of global protein translation in response to cold stress is associated with a decreased polysomal level (Hofmann et al. 2012) . In Arabidopsis, although protein translation was inhibited under cold stress (Fig. S4) , polysomes still accumulated. The discrepancy between ribosome density and protein production rate under warm temperatures and cold stress is consistent with a previous study with wheat in which polysomes increased while protein translation was inhibited at low temperatures (Fehling and Weidner 1986) . One possible explanation for the accumulation of polysomes is that cold stress, as well as cadmium intoxication, may inhibit translation elongation or translation termination, which causes ribosomes to remain longer than normal on mRNAs (Sormani et al. 2011) . Another possible explanation is that low temperatures affect the biogenesis of ribosomal RNAs or proteins, which as a feedback triggers the formation of ribosomes in plants (Laroche and Hopkins 1987) .
The ribosome-bound RNA profiling is used to track the realtime translational state in vivo while the labelling of newly synthesized proteins with 35 S amino acids is used to detect the amount of proteins that are newly synthesized during a certain period, so the former method is more sensitive and accurate than the latter one to determine the translational level at a specific time. Therefore, because of the different sensitivity, the difference in translational level between atgcn1-1 mutants and the wild type can be detected by the method of ribosome-bound RNA profiling, but not by the method of labelling of newly synthesized proteins (Fig. S4) . Based on the result from ribosome-bound RNA profiling, we can conclude that the translational level is higher in atgcn1-1 mutants than in the wild type.
In both yeast and mammalian cells, protein synthesis is inhibited when eIF2α phosphorylation or the TOR pathway is blocked, and the mutants that are disrupted in eIF2α phosphorylation or in the TOR pathway grew as well as the wild type under cold stress (Hofmann et al. 2012) . These results showed that eIF2α phosphorylation is not required for cold tolerance in either yeast or mammalian cells. The current study showed that atgcn1-1, which was defective in the phosphorylation of eIF2α and had a higher translational level than the wild type under cold stress, was more sensitive to cold stress than the wild type, suggesting that the inhibition of the translation initiation caused by eIF2α phosphorylation is required for cold tolerance in Arabidopsis.
Although the ribosome-bound RNA profiling showed that the translation level is higher in atgcn1-1 than in the wild type, the de novo protein synthesis levels decreased in both atgcn1 mutants and the wild type under cold stress (Fig. S4) , suggesting that the AtGCN1-mediated phosphorylation of eIF2α is not the only pathway for the cold-induced inhibition of protein translation in Arabidopsis. In mammalian cells, (mammalian TOR complex 1 (mTORC1) mediates the suppression of translation during cold shock and prolonged ER stress through a pathway independent of eIF2α phosphorylation (Duan et al. 2010; Hofmann et al. 2012) . Cold treatment caused the purple AtGCN1 is essential for cold tolerance 65 hypocotyls of tor seedlings to become partially green, and the phosphorylation of S6K1 was decreased upon cold stress, indicating that TOR is inactivated under cold stress in order to reduce protein translation and to promote cell growth in Arabidopsis.
Inhibition of AMPK reduces the inhibition of translation and reduces cell survival during cold shock, indicating that translation inhibition is required for cold tolerance in mammals (Hofmann et al. 2012) . AMPK works upstream of TORC1, and TORC1 is required for the dephosphorylation of GCN2 at Ser577, which subsequently affects eIF2α phosphorylation in mammals and yeast (Cherkasova and Hinnebusch 2003; Hofmann et al. 2012) . These results indicate that AMPK, the TOR pathway and eIF2α phosphorylation communicate with each other in mammals and yeast. However, neither the tor mutant nor transgenic plants overexpressing TOR interfered with eIF2α phosphorylation in Arabidopsis (Lageix et al. 2008) , suggesting that the TOR pathway and eIF2α phosphorylation work in parallel in plants.
Protein synthesis, which costs 22-30% of total energy, is very sensitive to ATP supply (Buttgereit and Brand 1995) . Therefore, upon cold stress or nutrient deprivation, at least three pathways, including those involving the ratio of AMP/ATP, GCN1-GCN2-p-eIF2 and the inactivation of TOR kinase, contribute to the inhibition of protein translation in Arabidopsis (Fig. 8) . Upon stress, the inhibition of translation initiation enhances cell survival by reducing ATP consumption. Our results showed that the absence of eIF2α phosphorylation in the atgcn1 mutant impairs chloroplast development in new leaves under prolonged cold stress, which is at least partially caused by a reduced ability to inhibit translation initiation.
Although our results demonstrate that eIF2α phosphorylation and TOR inactivation are involved in the response to cold stress in Arabidopsis, many questions remain, including the following: Is there a gene similar to GCN4 or ATF4 that can activate the expression of stress-responsive genes in plants? Why does the phosphorylation level of S6K1 increase under prolonged cold stress? Moreover, the mechanism regulating the AMP/ATP ratio in the cold response requires study. Our understanding of the cold response in plants also requires more information on the communication among eIF2α phosphorylation, TOR kinase and AMP/ATP ratio.
In conclusion, our results demonstrate that AtGCN1 interacts with GCN2 and suggest that the interaction is required for the phosphorylation of the translation initiation factor eIF2α. Compared with the wild type, atgcn1-1 and atgcn1-2, which are defective in the phosphorylation of eIF2α, are hypersensitive to cold stress. The ribosome-bound RNA profiling showed that the translation state was higher in atgcn1-1 than in the wild type, supporting the inference that AtGCN1-mediated phosphorylation of eIF2α increases the cold tolerance of Arabidopsis by inhibiting the initiation of protein translation. Finally, cold treatment partially relieved the purple hypocotyl phenotype of the tor mutant, and the phosphorylation of S6K1 was decreased when tor plants were exposed to cold stress, suggesting that the inactivation of TOR kinase, in addition to eIF2α phosphorylation, is also involved in the inhibition of protein translation in response to cold stress in Arabidopsis. Figure 8 . Model of GCN1-GCN2-p-eIF2α in cold response. Upon cold stress or nutrient deprivation, at least three cellular signalling pathways, including those involving the ratio of AMP/ATP, GCN1-GCN2-p-eIF2 and TOR kinase, contribute to the inhibition of protein translation in Arabidopsis. In this study, GCN1-GCN2 and the TOR pathways, indicated by bold characters, were found to be required for cold tolerance. Dotted arrows indicate the pathways that are known to be involved in the cold tolerance in mammals, but the functions of these pathways in the cold tolerance in plants are still unknown. The functions of GCN1-GCN2-p-eIF2α TOR pathways in response to nutrient deficiency, such as amino acid or glucose starvation, have been well documented in Arabidopsis. Figure S3 Quantitative analysis of the expression levels of coldresponsive genes CBF1 and CBF3 in atgcn1-1. There was no significant difference in the expression of CBF1 and CBF3 between atgcn1-1 and gl1 after the cold treatments. 
